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Abstract

The Ntn-hydrolaseéN-terminal nucleophilgare a superfamily of diverse enzymes that has recently been characterized.
All of the proteins in this family are activated autocatalytically; they contain an N-terminally located catalytic nucleo-
phile, and they cleave an amide bond. In the present study, the structures of four enzymes of this superfamily are
compared in more detail. Although the amino acid sequence homology is almost completely absent, the enzymes share
a similar¢BBa-core structure. The centrglsheets in the core were found to have different packing angles, ranging
from 5 to 35. In the Ntn-hydrolases under study, eight totally conserved secondary structure units weré&égiorm

C). Five of them were observed to contain the greatest number of conserved and functionally important residues and
are therefore crucial for the structure and function of Ntn-hydrolases. Two additional regions, consisting of secondary
structure units(regions A and B were found to be in structurally similar locations, but in different orders in the
polypeptide chain. The catalytic machinery is located in the structures in a similar manner, and thus the catalytic
mechanisms of all of the enzymes are probably similar. However, the substrate binding and the oxyanion hole differed
partially.

Keywords: apBa-fold; aspartylglucosaminidase; glutamine amidotransferase; glycosylasparaginase; Ntn-fold;
Ntn-hydrolase; penicillin acylase; proteasome

In 1995, Brannigan et a(1995 recognized a new protein struc- (Suresh et al., 1999(2) Proteasome$Pr) from Saccharomyces
tural superfamily called the Ntn-hydrolasésltn = N-terminal  cerevisiae(Groll et al., 1997, from Thermoplasma acidophilum
nucleophile. The typical fold of this superfamily consists of a (Léwe et al., 1995and fromE. coli (Bochtler et al., 199) (3)
four-layered catalytically activepBa-core structure. This core is Glutamine 5-phosphoribosyl-1-pyrophosphate amidotransferases
formed by two antiparallgB-sheets packed against each other, and(Grpp from Bacillus subtilis(Smith et al., 199%and fromE. coli
theseB-sheets are covered by a layer of antiparalldielices on  (Muchmore et al., 1998 glucosamine 6-phosphate synthase from
one side(Artymiuk, 1995; Brannigan et al., 1995All the known E. coli (Gap (Isupov et al., 1996 (4) Aspartylglucosaminidase
Ntn-hydrolases go through post-translational processes, which legdGA) from human(Oinonen et al., 1995and fromFlavobacte-
to an autocatalytically activated enzyit@wickl et al., 1994; Guan  rium meningosepticurtGuo et al., 1998; Xuan et al., 19085)
etal., 1996; Seemiiller et al., 1996; Tikkanen et al., 1996; Xu et al.L.-Aminopeptidase-Ala-esterasgamidase fron©Ochrobactrum an-
1999. Furthermore, they all catalyze the amide bond hydrolysis thropi (Bompard-Gilles et al., 2000With new structural data in
but they differ in their substrate specificities. The enzymes sharéand, in this paper we are able to present a more detailed structural
similar catalytic residues and therefore probably catalyze substratsomparison and study of the Ntn-hydrolase superfamily.
hydrolysis in a similar way(Brannigan et al., 1995; Duggleby
et al., 1995.

Apart from the great similarities of the Ntn-hydrolases, the se-
guence homology between them is absent. This makes the struc-
tural comparison very difficult, but also very interesting. Several Selection of protein structures for study

three-dimensional3D) structures of Ntn-hydrolases have been 4 hogin with, all the available Ntn-hydrolase structures were com-
solved th'us far. These structures represent very different types qf, o 1y inspecting the topology of proteins. Many of the proteins
enzymes:(1) Penicillin G acylasesPA) from Escherichia coli 041y resemble each other, such as the Penicillin acylases G and
(Duggleby et al., 1996and fromProvidencia rettgeri(McDon- \; tpe structure of the-aminopeptidase-Ala-esterasgamidase
ough et al., 1998 Penicillin V acylase fronBacillus sphaericus 1 o anthropihas much in common functionally with other

Ntn-hydrolases, but the topology and structure of this protein are
Reprint requests to: Carita Oinonen, Department of Chemistry, uni-"e"Y distinct C_O”‘pa,re,d to other Ntn-hydrolases, thus m‘?’lk'ng struc-
versity of Joensuu, P.O. Box 111, FIN-80101 Joensuu, Finland; e-mailtural comparison difficult. As a consequence, we decided not to
Carita.Oinonen@joensuu.fi. include this protein in our study.
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Fig. 1. Topological diagram of the Ntn-hydrolasegs) AGA, (B) Pr, (C) PA, (D) Grpp. Circles represent-helices and triangles
represenB-strands. The secondary structural elements are indicated according to the AGA's structure. Apex up means that the strand
is viewed from the N-terminus, which means the strand direction runs down into the plane. The topological positions of the catalytically
active N-terminal(Thr, Cys, or Serand the oxyanion hole have been indicated in the scheme.

For our more detailed study, we selected four proteins to reptotally conserved secondary structural elemérggion O in three
resent different enzymes. The structures chosen were aspartylgliayers of a four-layered&BpBa-structure and they all are antipar-
cosaminidase from humaAGA, Protein Data BankPDB) code  allel (Fig. 1). The conserved elements are fi¥ andg5-strands
lapy), proteasome frors. cerevisia€Pr, 1ryp, chain PRBE2Peni-  in Bl-sheet, the39-, 310-, 811-, andB12-strands irBll-sheet and
cillin acylase fromE. coli (1pnk), and glutamine phosphoribosyl- the a10- andal11-helices inall-layer (Fig. 1). Interestingly, the
pyrophosphate amidotransferase fr&mcoli (Grpp, lec). Bll-sheet andxl-layer together form a T-fold, which has recently

All the Ntn-hydrolases under comparison contained the typicabeen described by Colloc’h et &2000.
aBBa-fold, but the composition of the core structures and the In addition, two other areas were found in which similar sec-
oligomeric state of these enzymes differed. For example, AGA is andary structure elements exist in the same place in the structure,
dimer of a heterodimer, and the3Ba-structure is formed from but these regions are located in a different order in the protein
both thea- and B-chains(Oinonen et al., 1995 Proteasome is a chain. Region A consists of@3-strand in3l-sheet and an3-helix
28-oligomer structure consisting of a four-layered barrel structurein al-layer. Region B containg6- andB7-strands irBl-sheet and
The inner part of this barrel structure has tg«ehain layergseven  an a4-helix in al-layer (Fig. 1). In AGA, these three regions are
unidentical chains in each, with similar layer structyyesd at the located in the polypeptide chain in the order A-B-C, in Pr and PA
ends of the barrel structure are layersae€hains(seven uniden- they are in the order C-B-A, and in Grpp, they are in the order
tical chains in each, again with similar layer structyrédl these  C'-B-C"-A (B is located as an insertion in)Cln addition, de-
chains are folded into the typicalB3Ba-fold, but the only active  pending on the protein, there are many other secondary structure
chains are thg-chains, which have threonine at the N-terminal of elements whose locations are not conserved. In consequence, to-
the B4-strand(Groll et al., 1997. Structurally, PA forms one do- pologically Pr and PA can be loosely grouped together, because
main composed of ita- andB-chain(Duggleby et al., 1995 PA they have a similar sequence order of three regions.
has the largestyBBa-core structure of the enzymes compared,
including three large insertions from the comme8B«a-core (in-
dicated by squares in Fig).1Grpp is a dimer; one subunit contains
two different catalytic sites in which the N-terminal parts form the In the structures compared tig¢-sheets are composed of five to
aBBa-fold (Muchmore et al., 1998 eight B-strands and thgll-sheets are composed of four to ten
B-strands(Fig. 2). The smallesiBl-sheet is in the structure of
proteasome and the largest in that of AGA. In all the structures
compared, the3l-sheets are essentially flat, but in AGA and in
Topological comparison of theBB«a-core structure of the four Grpp this sheet has a slight twist in the C-terminal part. The
Ntn-hydrolases under examination revealed that there are eiglsmallestgll-sheet is in the structure of AGA, where it comprises

The packing of3-sheets in the coreBBa-fold

Topological conservation
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Fig. 2. The packing of3-sheets in the coreBBa-fold among the Ntn-hydrolases in two orientatiots) Pr, (B) PA, (C) Grpp, and
(D) AGA. The catalytically active N-terminal has been indicated in the illustrations and all the diagrams are on the same scale.

only the four conserve@-strandgstrands39-812; Figs. 1, 2. In In the study of Brannigan et 11995, in the Ntn-hydrolases the
both AGA and Pr, thggll-sheet is predominantly flat; but in Grpp B-sheets were found to be packed in such a way that there i$ a 30
it is slightly twisted, and in the case of PA, which has the largestrotation between thg-sheets. However, in AGA, thg-sheets
Bll-sheet, it is highly twisted at the N-terminal part. pack against each other face-to-face in an almost pure parallel
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Fig. 3. The superimposition of the topologically conserved secondary elements of the Ntn-hyd(mégses Q. Pr is in blue, PA in
green, Grpp in purple and AGA in yellov: The left-hand-side diagram represents the side view in which the yellow-colored AGA's
closer packing is clearly prominer: The same is seen, but rotated by’.90he nucleophilic residues have been indicated as a
ball-and-stick model. The figure was generated with the program MOLSCR{aulis, 1993.

fashion(B-B-packing angle around°b In PA the angle between of the small and large hydrophobic residues in the interface be-
the B-sheets is 30 while in the othergPr and Grpp it is 35°

(Figs. 2, 3.

We analyzed this different packing of tigesheets by calculat-
ing their amino acid composition on the basis of the topologically
conserve@-strands and their interactions with each other. In ad-
dition, we measured the distances betweergisheets to explain

tween theB-sheets. In PA, the ratio of the small to large residues
is 40:30(in AGA 50:20), while in the case of the other tw@r and
Grpp) the ratio is equa(50:50 (Table 1.

Essential components of Ntn-hydrolases

the variations in their packingrable 1. The number of calculated The 3D structural superimposition of the topologically conserved
contacts between th@sheets in AGA is only half that of the other secondary elements is a good fit, as we can see by looking at the
proteins. The contact residues are smaller in AGA, and thus thgll-sheet(Fig. 3). In the BI-sheet, the exception is AGA, which is
distance between th@-sheets is 1-1.6 A shortéfable 1. The
slightly different packing angle of thg-sheets in PA3(°) and the

other two structure€35°) might be explained by the different ratios

Table 1. The amino acid composition and number of contacts

between the topologically conservgesheetd

AGA Pr PA Grpp
Hydrophilic (%) (N,Q,T,S,H,Q 24 19 28 26
Small hydrophobid%) (A,G,P,V) 52 29 39 35
Large hydrophobic%) (I,W,F,Y,L,M) 19 33 28 39
Charged(%) (D,E,R,K) 5 19 6 —
Contacts 63 135 133 122
B-B-distance(A) 6.2 7.8 7.8 7.2

aThe residues have been divided into four grodpgdrophilic, large

hydrophobic, small hydrophobic and chargethe distances between the

the result of the different packing of th@-sheets, although its
nucleophile and the important surrounding residues are well super-
imposed. In the third topologically conserved layer, tlielayer,

the most prominest exception is PA, possibly because of the large
insertion between the laye@l and «ll (indicated with square in
Fig. D).

On the basis of the structural superimposition, we did a se-
guence comparison of the topologically conseryestrands and
a-helices (Fig. 4), which revealed that there were no identical
residues at corresponding locations. Instead, at three locations in
three of the compared structur@®A was always the exceptipn
there was found to be an identical residue. The 235Gly was situ-
ated in theB11-strand and forms a part of the oxyanion hole. The
193Gly is situated in a turn just before tg&-strand and its role,
as also the role of 262Ala in the middle of thd1-helix, may be
structural.

As a result of the sequence comparison, a total of 18 similar
residues were found. These were distributed in such a way that in
the B4-, B5-, andB11-strands, they were 3, 6, and 3 similar resi-

B-sheets are the averages calculated from three different measuremeftl€S, respectivelyFig. 4). The rest of the similar residues were

points.

found to be equally distributed among the rest of the topologically
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conserved secondary structural elements. The important residues
for catalysis and substrate binding were located mostly in the
pa L B5-strand (residues 210—204 12-strand(221-223, and 811-

ace %{; 132 strand (233-235, and also in thex11-helix (Fig. 4. In conse-
— quence, a total of five secondary structure eleméps-, 85-,
PA SNMWVIG--- 7 L . .
Grpp CGIVGIAG- 9 B12-, B12-strand, andzll-h.ellx in region ¢ seem to pe essential
Similar Fo—_®#____ for the structure and function of the Ntn-hydrolag€gg. 4).
Bs SSBB ) ) . .
AGA GHIAAGTSTNG- 203 The active site and the catalytic machinery
Pr CGIIVAVDSRAT 21 The reaction mechanism of the Ntn-hydrolases was first described
PA AKAIMVNGEQN - 24 by Duggleby et al(1995. The mechanism resembles that of ser-
Grep GNMGIGHVRYP- 75 ine proteases, though instead of the catalytic triad, there is only
Similar G-#*#d____*_ . . . .
one amino acid catalytic center, the autocatalytically uncovered
p12 SBB N-terminal Thr, Ser, or CyéFig. 5). This N-terminal residue func-
AGA —:Gsx_Y.?,:l__ﬂ-__; 226 tions as a nucleophile and as a catalytic base. The reactivity of this
Pr KRVIEINP| 39 nucleophile is affected by the amino acid residues interacting in the
PA -VFGHNG- 61 vicinity. During the reaction, a covalent intermediate is formed via
Grpp AQPFYVN- 91 a transition state, which is stabilized by residues from the so-called
Similar --*----- oxyanion hole(Perakyla & Rouvinen, 1996; Perakyla & Kollman,
B11 BOO 1997). , N ,
AGA [AGAARATGN 236 The nucleophile always originates from the N-terminus of the
Pr ipm 48 B4-strand, and is well superimposézblored grey in Fig. § No
PA [V ISWGSTA- 69 common features have been found in the course of the present
Grpp |GITLAHNGHN| 103 study that would indicate which nucleophi(&er, Thr, Cys is
Similar **-----G- used. The residues that interact with the nucleophile are all located
in the B5-strand(colored light blue in Fig. & In three of the four
oll B B B . . .
AGR JGDILMRFLPSYOAVEYMRRG- - - - 256 protelns, these reS|dues are Iocateq in the same po(;ﬁi;ﬂélnN
Pr {AADCQFW-- ETWLGSQCRLHELREX 71 in PA, 1_9Arg_O in Pr, and 741_'yr|_\l in Grpp; Table 2;_ Fig). 4n
PA [KEVASLLA- -WTHQMK---——-———— 159 AGA, this residug201ThrOy1) is situated only one residue before
Grpp —--ISEIL--1NIFASELDN------ 141 (Table 2; Fig. 4. The reason for this may be that in the AGA the
Similar -----—--—-—-——- I side chain of 201Thr is responsible for stabilization, while in the
others the main chain N or O interacts with the nucleophile. In
ol0 , B _ addition, AGA and Pr each include a second interacting residue,
AGA T _}EPTI“C?:‘E‘”’I SRfTQKHIj 27e but they are topologically situated in different places, namely 215Ser
Pr -~ SVARASKILSNLVYQYK o1 (85 — B12 loop and 33Arg(B12-strand in AGA and Pr, respec-
PA ----NWQEWTQQAAK-—--- 172 tively (Table 2: Fig. 6
Grpp [EADNIFAATAATNRL----- 162 AR ) .
Similar ——————- u—— The amino acid residues, which are responsible far- N
stabilization(colored light blue in Fig. § are located mainly in the
p1o B a4 — B6 loop(region B. AGA's 49Ser is located in the same place
AGA - HF FGAVICANV- 286 as Pr’s 170Tyr and Grpp’s 26Arg. Another common location is the
Pr GLSMGTMICGYT] 105 B3 — a3 loop(region A), where there is 241Asn in PA and 131Ser
PA QALTINWYYADV- 184 in Pr, again located in the same pladégs. 4, 6.
Grpp IRGAYACVAMIT - 174 The oxyanion hole is normally formed by two residues. The dis-
Similar --#---------- tances between the nucleophile and the residues that form the oxy-
Bo anion hole are almost the same, approximately 4.5-5.5 A. Only in
AGA JSYGRARCNEKL- 297 the proteasome is the distance greater, around 6.1 A. One of the two
PIr [PTIYYVDSD-- 118 oxyanion hole formers is located in a structurally and topologically
PA GNIGYVHTGAY 196 equivalent place, near the end of {B&l-strand and in three of the
Grpp [EGMVAFRDPN- 185 four Ntn-structures under comparison this oxyanion hole former is
Similar ----- Fommoo the main chain N of glycine. PA is the only exception to this rule

Fig. 4. Sequence comparison of the topologically conserved secondar?mce It _contalns the main _Cham N of alanine in t_he §ame location
structural elements4, 85, etc. refer to the secondary elements of AGA (the reSIdu.e.S of the oxyanion hole are colored plnk. n F)g- 6

(Fig. 1). Secondary structure elements are boxed and the residues that are The position of the second oxyanion hole former is different. In

situated in similar positions in the structure are also shown. Similar resi:AGA and Grpp this residue is the glycine preceding residue in the

dues have been indicated with asterigks The nucleophile, its stabiliza- _ . .
tion, substrate binding, and oxyanion hole formers have been indicategll strand(Table 2; Figs. 4, B In PA it is formed by 241Asn

with the letters N, S, B, and O. These residues have also been indicated ffich is located in th@3 — a3-loop. In proteasome the possible

bold on the appropriate protein sequence. The coloring of the amino aci€andidate for the second oxyanion hole former is 131$e0fig-

residues follows the classification used by Branden and Tat2@l) e.g.,  inating from the same th@3-a3-loop. It is important to note that

hydrophobic-green, polar-blue, charged-red. Pr and PA, which are topologically close to each other, share
similar formations of the oxyanion hole.
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Fig. 5. Catalytic mechanism of Ntn-hydrolases. Y represents oxygen or sulfur, and X represents nitrogen or oxygen. The reaction
begins when the nucleophilic oxygé&sulfur of Thr/Ser/Cys donates its proton to its owsramino group and attacks the carbonyl

carbon of the substrate. The negatively charged tetrahedral intermediate is stabilized by hydrogen(bgpditign hole formens

The acylation step is complete when z@mino group of the ThiSer/Cys donates the proton to the nitrogen of the scissile peptide

bond. The covalent bond between the part of the substrate and the enzyme is formed and the part of the substrate is released. The
deacylation step begins when the hydroxyl group of water attacks the carbonyl carbon of the acyl-enzyme product, and the basic
a-amino group of the nucleophile accepts the proton from the water molecule. The negatively charged intermediate is stabilized, as in
the acylation step. The reaction is complete whendtfemino group donates the proton to the nucleophile.

All of the structures compared catalyze the hydrolysis of thealytic mechanism cleaving the amide bond is probably similar in
amide bond, but they differ in substrate specificity. Accordingly, all Ntn-hydrolases. The major unanswered question concerning the
the shape and the size of the substrate binding pocket differ, as d¥tn-hydrolases is connected with the autocatalytic mechanism lead-
the locations of interacting residuésig. 4). However, in addition  ing to the formation of a free, catalytically active N-terminal. It has
to their similar types of oxyanion hole formation, Pr and PA havebeen very difficult to identify those residues among the Ntn-
substrate binding residues in the same places ingHstrand  hydrolases that would participate in autocatalysis. Hence, in the
(20Ala in Pr and 24Phe in PAin the11-strand45Met in Prand  present study, we can only suggest that the components which
67Ser in PA and in almost the same places in tB&2-strand  possibly participate in the autocatalysis are located in the con-
(33Arg and 35lle in Pr and 57Phe in PAOn the other hand, both served area of the Ntn-fold, namely in the 5 most conserved ele-
AGA and Grpp have similar substrate binding residues, Arg andnents of the C-region.

Asn, although these residues are located in different places in the

structures and the sequencd@sble 2; Figs. 4, b Materials and methods

Conclusions The structural superimposition and the sequence comparison

Although the amino acid sequence homology is almost completelyAs a result of the different packing angle of ti#esheets, the
absent, we have been able to compare the sequences and 3D stragailable superimposition progrartfer example STAMP; Russell
tures of four Ntn-hydrolases. Ntn-hydrolases shares a similar cen& Barton, 1992 did not work properly, and so the superimposi-
tral aBBa-core structure. Eight totally conserved secondary structurdions were carried out by means of manual fitting, using the pro-
units can be foundregion Q in this core. Most of the conserved grams O(Jones et al., 1991and Xtalview(McRee, 1992 The
and functionally important residues are located in 5 of the 8 to-classification of residues in the sequence comparison was per-
pologically conserved elements. Hence, we assumed th@@4he formed on the basis of Branden and To¢2891), except that the
B5, B11, B12, andall elements are crucial for the structure and glycines were regarded as hydrophobic amino acid residues.
function of Ntn-hydrolases. Among the proteins under study, two
additional regions of secondary structure uiitesgions A and B
were found that were located in structurally similar places but in
different order in the polypeptide chain-Aminopeptidaser-Ala- The different packing angle of th&sheets was measured between
esterasgamidase is a clear and distant exception from this fold. theB4- andB10-strands or between tj¢d- andB11-strands$Fig. 2).

The catalytic machinery is located in the same secondary structo calculate the proportions of the different types of residues and
ture elements, but the residues for substrate binding and also tithe number of contacts they made with the oppogrgheet, we
oxyanion hole formation differ to some extent. However, the cat-used the amino acids from the conseryedtrands(B4, 85, 89,

aThe packing of thg-sheets in the coreppB«-fold
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Fig. 6. Diagrams of the active sites of the Ntn-hydrolasgs: AGA, (B) PA, (C) Pr, and(D) Grpp. The grey-colored nucleophiles
Thr/Ser/Cys are shown on the left. Those residues that interact with the nucleophile er-gsdNp are indicated in light blue. Those

colored green represent the substrate binding residues. For the sake of clarity, not all of the reported substrate binding residues are
shown. The oxyanion hole formers have been colored pink. The figure was generated with the program MOLSE&RIFST 1991.
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Table 2. The catalytically important residues among the Ntn-hydrolases
Close to Substrate
Nucleophile nucleophile Close to & Oxyanion hole binding
AGA 183ThrOy 201Throy 2.8 A 49Ser@ 2.9 A 235GIyN 5.4 A 211Arg
B4 B5 ad — B6 loop B11 B5 — B12 loop
215SerGg 3.9 A 49Ser0 3.0 A 234Thrp4.4 A 214Asp
B5— B12 loop ad — B6 loop B11 B5 — B12 loop
PA 1Sery 23GInN 2.9 A 241Asn®1 3.0 A 69AlaN 4.5 A 142Met
B4 B5 B3 — a3 loop B11 a-dimer
23GInCe1 3.2 A 241AsnN2 4.5 A 146Phe
B5 B3 — a3 loop a-dimer
24Phe
B5 — B14 loop
57Phe
B12
67Ser
Bl11
154Trp
all
177lle
810
Pr 1ThrOy 19Arg0 3.6 A 170Tyr0 2.7 A 47GIyN 6.1 A 20Ala
B4 B5 a4 — (36 loop B11 B5
33Arg-pl3.0A 131Ser® 2.7 A 131Ser@ 5.2 A 21Thr
B12 B3 — a3 loop B3 — a3 loop B5
171Ser@ 3.0 A 31val
ad — 6 loop B5 — B12 loop
35lle
B12
45Met
Bl11
49Ala
all
53GIn
all
Grpp 1Cys9 74TyrN 3.6 A 26Arg0O 3.0 A 102GlyN 5.6 A 73Arg
B4 B5 ad — 6 loop B11 B5
101AsnNS2 4.7 A 127Asp
p11 all — a1l loop

aThe location of particular residues in the proteins’ secondary structures has also been indicated.
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